INTRODUCTION {#SEC1}
============

In recent years, synthetic nucleic acids have been utilized as materials to generate nanostructures for a variety of applications, including targeted delivery of gene silencing molecules (i.e. siRNA) ([@B1]). The programmable and self-assembling features of nucleic acids through base pairing and other interactions make them ideal substrates to produce nanomaterials for biomedical and other applications---a burgeoning field. However, such applications require understanding the biophysical properties of nucleic acids beyond simple base pairing. For example, G-quadruplexes possess particular structural capabilities that allow them to be engineered as scaffolds to deliver anticancer drugs or serve as targets for anti-HIV therapies, since evidence indicates that HIV contains G-quadruplexes ([@B2],[@B3]).

In 1957, Fresco and Doty reported the discovery that poly(rA) of ≥rA~29~ forms fibers at acidic pH that were speculated to be double helices ([@B4]). These fibers were later called 'interrupted helices' because their composite poly(rA) strands were thought to overlap in different registers ([@B5]). The interrupted helix could be formed, dissociated and then re-formed by sequentially altering the pH ([@B5]). Applequist and Damle proposed in 1965 that the most energetically favorable structure formed by oligo(rA) is a 'staggered zipper', in which oligo(rA) strands overlap in all registers with no more than a single nucleotide gap ([@B6]). Thermodynamic studies found that duplex formation in acidic conditions requires a minimum length of rA~6~ or rA~7~ ([@B7]).

In 1961, Rich *et al*. proposed that a parallel double helix of poly(rA) forms in acidic conditions in a way that differs from Watson--Crick base pairing ([@B8]). It was proposed that the Hoogsteen edges of two adenosines on opposite strands of the helix interact symmetrically so that the N6 of each adenosine hydrogen bonds with N7 of the reciprocal adenosine. At the same time, the Watson-Crick edges of the two adenosines interact with the phosphate group of the reciprocal adenosine. Protonation at each N1 was proposed to contribute a helix stabilizing and neutralizing interaction with the non-bridging oxygen of the phosphodiester backbone of its paired partner. This A--A arrangement differs from traditional Watson-Crick base pairs by an additional involvement of the phosphate backbone from each rAMP in what are actually 'rAMP--rAMP pairs'. Nonetheless, we will refer to these rAMP--rAMP pairs as rA--rA 'base pairs'. A recent X-ray crystal structure of a parallel but discontinuous double helix formed using rA~11~ at pH 7 ([@B9]) is consistent with the acidic pH model of Rich et al. ([@B8]) except that it contains ammonium ions (NH~4~^+^), which were not part of the Rich model. The ammonium ions are positioned between each unprotonated N1, substituting for the lack of protonated N1, and the most proximal non-bridging oxygen of the phosphate group of the rA to which it base pairs ([@B9]). UV thermal denaturation experiments using oligo(rA) lengths ranging from rA~10~ to rA~16~ showed that the presence of ammonium ions could functionally replace acidic conditions as low as pH 4, thus allowing duplexes to form at more neutral pH ([@B9]).

The propensity for adenine to be protonated as acidity increases is thought to occur in the following order: N1 \> N7 \> N3 ([@B10],[@B11]). Studies indicate that the probability of protonation of adenine in the context of adenosine, i.e. adenine with a ribose sugar, is 96.1% for N1, 3.2% for N7 and 0.3% for N3 ([@B11],[@B12]). While the p*K*~a~ of adenosine N1 is ∼3.63, the exact p*K*~a~ values for adenosine N7 and N3 are difficult to ascertain: both may be protonated, or either may be the sole site of protonation due to repulsion effects ([@B11]). Nevertheless, it has alternatively been reported for adenosine that gas-phase protonation preferentially occurs at N3 over N1 ([@B13]), and that N7 has the lowest proton affinity ([@B14]). Notably, whereas deoxy-adenosine behaves more like adenine since both are slightly preferentially protonated at N1 relative to N3 ([@B15],[@B16]), cyclic AMP is almost equally protonated at N1 and N3 ([@B12]).

Here, we show the first structure at low pH of a poly(rA) parallel duplex. The structure is composed of rA~7~ and was solved at 1.07 Å resolution (Table [1](#tbl1){ref-type="table"}) and pH 3.5. Among our new findings, rA~7~ assembles to form a zipper that is staggered (i.e. oligo(rA) is in different registers when comparing one strand of the double helix to the opposite strand of the double helix) and interrupted (i.e. there is discontinuity in the backbone of each strand) to form a perfectly straight double helix that spans the entire length of the crystal. The parallel helix has inherent symmetry that is entwined with crystallographic symmetry. This results in a repeating rA~2~ structure that, when projected through its crystallographic space group symmetry, generates a complete helix as well as crystal lattice. In our crystal structure, each base pair alternates between having the N1 position of adenine protonated and the N1 position of adenine unprotonated but coordinated to a phosphate-bridging ammonium ion.

###### X-ray crystallographic statistics of the rA~7~-generated crystal structure^a^

  --------------------------------------- --------------------------
  Data Collection Statistics (PDB 5K8H)   
  Space group                             *P4~2~2~1~2*
  *a, b, c* \[Å\]                         21.25, 21.25, 14.95
  Resolution \[Å\]                        21.25--1.07 (1.14--1.07)
  *R*~merge~                              0.127 (1.059)
  *R*~pim~                                0.032 (0.333)
  *I*/*σI*                                15.0 (3.1)
  CC 1/2                                  0.994 (0.987)
  Completeness \[%\]                      97.6 (87.2)
  Multiplicity                            19.3 (8.9)
  Refinement statistics                   
  Resolution \[Å\]                        15.03--1.07
  No. of reflections                      1663
  *R*~work~/*R*~free~^b^                  0.105/0.106
  Average *B*-factors (Å^2^)              
  rA (non-hydrogen)                       18.51
  Waters                                  47.39
  Single ammonium ion                     18.54
  --------------------------------------- --------------------------

^a^Values in parentheses represent the highest resolution shell.

^b^*R*~free~ is comprised of 9.14% of the total reflections.

MATERIALS AND METHODS {#SEC2}
=====================

To generate crystals, rA~7~ (idtdna.com, the source of all oligo(rA) used here) was dissolved in water to 10 mM, and then diluted 1:10 (v/v) in 0.75% polyethylene glycol 1000. One microliter of this dilution was mixed with 1 μl of reservoir solution (0.24 M ammonium sulfate and 0.06 M citric acid pH 3.5.) to generate a hanging-drop, which was subjected to vapor-diffusion over a 1 ml reservoir solution. Crystals appeared within one day of incubation at 20°C. While ammonium sulfate and/or citric acid concentrations could be slightly varied, both were required to produce crystals, and the concentrations used in this study produced the largest crystals.

Crystals were moved to a 50/50 (v/v) paratone-N/silicon oil solution and flash frozen in liquid nitrogen. X-ray diffraction data were collected remotely at the Stanford Synchrotron Radiation Lightsource (SSRL). Data were scaled ([@B17],[@B18]) in different space groups, and molecular replacement was performed using Phaser ([@B19]) in Phenix ([@B20]). A 2-mer oligo(rA) section from one strand of the Safaee *et al*. rA~11~ structure ([@B9]) was initially used in molecular replacement experiments to identify starting phases. Our best solution was obtained in the *P*4~2~2~1~2 space group where the asymmetric unit is rA~2~. Model building was performed using WinCoot ([@B21]), and refinements were performed using Phenix ([@B20]) and CCP4 ([@B22]).

Quantum mechanics was used to predict bond angles for adenosine and 9-methyladenine as neutral molecules and with N1, N3, or both N1 and N3 protonated. Calculations were carried out at the 6--311++G\*\* level using Hartree-Fock, B3LYP ([@B23],[@B24]), and MP2 methods using Gaussian 09 \[<http://www.gaussian.com/>\]. All minimizations were followed by frequency calculations to confirm the global minimum.

RESULTS AND DISCUSSION {#SEC3}
======================

rA~7~ self-assembles into a parallel double helix {#SEC3-1}
-------------------------------------------------

Solving the structure of rA~7~ crystals revealed that the asymmetric unit is optimally defined as a single rA~2~ strand. Applying crystallographic symmetry revealed a crystal lattice made up of bundled poly(rA) parallel duplex strands where, unlike double-stranded (ds)DNA or dsRNA antiparallel duplexes, both strands have the same 5′-3′ polarity (Figure [1A](#F1){ref-type="fig"}--[B](#F1){ref-type="fig"}). The poly(rA) parallel double helices alternate in 5′-3′ directionality within the crystal lattice (Figure [1C](#F1){ref-type="fig"}), manifesting a right-handed helical turn that repeats every eight base pairs (Figure [1B](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). Viewing a cross-section of the crystal lattice like a tic-tac-toe board, helices in the middle square and four-corner squares are oriented with the same 5′-3′ directionality, whereas the remaining four squares are oriented in the opposite direction (Figure [1C](#F1){ref-type="fig"}). In other words, when the tic-tac-toe board is rotated diagonally to reveal a diamond-shape, helices in the same horizontal row manifest the same directionality, which is opposite to the directionality of adjacent horizontal rows (Figure [1C](#F1){ref-type="fig"}). Notably, the crystal lattice comprised of rA~11~ poly(rA) duplexes at neutral pH shares a similar alternating pattern of helix orientation ([@B9]).

![X-ray crystal structure of the rA~7~ staggered-zipper parallel and continuous double helix. (**A**) At pH 3.5, rA~7~ strands self-assemble to form a parallel poly(rA) duplex. (**B**) The rA~7~ strands form staggered zipper helices that average over the crystal to yield electron density indicative of a continuous parallel helix. Shown is a σ~A~-2Fo-Fc electron density map at 1.2*σ* intensity that is limited to a 1.7 Å radius of atoms. The asymmetric (i.e. repeating) unit of the crystal is comprised of a single rA~2~ strand that, via crystallographic symmetry, forms strands that constitute an elongated helix with 8 rA pairs per full turn of the helix. (**C**, Top) A cross-section of the rA~7~ crystal lattice illustrating that each helix appears as a 'donut' shape. The cross-section is limited to a square 'tic-tac-toe' board that has been rotated 45° so that blue- and black-colored helices have opposite polarities and that helices on the same horizontal of the board have the same polarities. (C, Bottom) A side-view of (C, Top) illustrates the alternating layers of helices having opposite polarities. (**D**) A *σ*~A~-weighted 2*F*~o~ − *F*~c~ electron density map as in B, but for rA~8~ atoms that constitute one full turn of the helix, illustrating the repeating rA~2~ asymmetric unit and the continuation of the phosphate backbone across the full-length of the crystal lattice via 5′- and 3′-end joining of rA~7~ molecules. (**E**) Illustration of how rA~7~ molecules form a crystal structure of staggered zipper helices, i.e. form a helical duplex of staggered rA~7~ molecules. In the crystal, each full turn of the helix (i.e. 8 rAs per strand; blue boxes) is missing at least one and maximally two phosphate group(s) (red asterisks). However, since the asymmetric unit of the crystal is rA~2~, and each rA~7~ strand contributes only six phosphates, the averaged phosphate occupancy is 6/7 or 0.86.](gkw526fig1){#F1}

Each rA~2~ in our structure pairs with another rA~2~ that is generated by helical and crystal symmetry (Figure [1B](#F1){ref-type="fig"}). If we defined each rA in a rA~2~ asymmetric unit as rA\#1 and rA\#2, then rA\#1 pairs with symmetry-generated rA\#1, and rA\#2 pairs with symmetry-generated rA\#2. While the helix is composed of rA~7~ molecules (Figure [1A](#F1){ref-type="fig"}), electron density for the phosphate backbone in the structure is continuous not only within the asymmetric unit but also from one asymmetric unit to the next, thereby forming an apparently unending RNA strand and helix (Figure [1B](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}). Since the termini of rA~7~ consist of 5′- and 3′-OH groups, a phosphate group is missing between adjacent rA~7~ molecules that constitute the same strand of an extended double helix (Figure [1E](#F1){ref-type="fig"}). Thus, the crystal structure represents an average of many different registers of rA~7~ strand alignments. Assuming that there is no preferential register, the gaps between each strand must be missing phosphate electron density once in every stretch of seven rAs, indicating that the occupancy of phosphate is 0.86.

To determine the preferred occupancy of the phosphate backbone, we permitted Phenix software to refine phosphate occupancy and B-factor values. Given that there is no rA~7~ 5′ phosphate, and the oxygen of each rA~7~ 5′ OH may adopt a conformation that differs from the conformation of an oxygen within a phosphodiester bond, we additionally permitted the occupancy of each rA~7~ 5′ oxygen to be refined. We did not permit 3′ oxygens to be refined since electron density maps failed to indicate an overestimation of 3′ oxygen occupancy. On average, the occupancies of refined phosphate and oxygen atoms revealed that phosphate occupancies are 0.94 for rA\#1 (where the 5′ oxygen and one non-bridging oxygen refined to an occupancy of 1.0) and 0.915 for rA\#2. Any positive deviations from the predicted phosphate occupancy of 0.86 could be attributed to potential water molecules bound at the gaps between rA~7~ molecules so as to contribute additional electron density at these positions.

Crystallization at pH 3.5 is specific to rA~7~. While crystals form with rA~6~, the crystals were fragile to touch, failed to configure the well-ordered rigid morphology obtained with rA~7~ (Supplementary Figure S1), and could not be captured to collect diffraction data. No crystals were observed with rA~5~, rA~8~ or rA~11~ under our conditions or when the concentrations of ammonium sulfate and/or citric acid were varied at pH 3.5 (data not shown).

Comparison of acidic rA~7~-generated and neutral pH rA~11~-generated helices {#SEC3-2}
----------------------------------------------------------------------------

The asymmetric unit of the Safaee *et al*. rA~11~ pH 7 structure ([@B9]) is composed of 10 rA−rA interactions (i.e. a 10-base pair duplex) and a rA overhang on both strands. Each rA overhang pairs with the rA overhang of another asymmetric unit to form a continuous 'quasi-continual' duplex. Duplex units tilt at each asymmetric unit juncture, and there is no continuation of phosphate backbone electron density at each junction on either strand. In our structure, the 'donut hole', i.e. the 'tube' that spans the length of the crystal lattice (Figure [1C](#F1){ref-type="fig"}), is continuously empty; in contrast, the rA~11~ pH 7 structure is blocked at asymmetric unit junctures because of their tilt and imperfect helices.

To compare the rA~7~ and rA~11~ crystal structures, we first generated a 2-base pair duplex from the rA~2~ asymmetric unit of the rA~7~ structure by adding the paired rA~2~ symmetry mate (i.e. the symmetry mate that is rotated 180° around the central axis of the helix). Using ARTS ([@B25]), the best alignment of the rA~11~ structure to our 2-base pair duplex is residues A7--A8:B6--B7 (i.e. using our nomenclature, rA\#7-rA\#8 of strand A paired to rA\#6 and rA\#7 in strand B), which has a RMSD of 0.19 Å. This rA~11~ structure 2-base pair duplex resides near the middle of its 10-base pair duplex.

We next used 3DNA (v2.3-2016feb12, specifically 'simple' parameters described as 'intuitive for non-Watson--Crick base pairs';[@B26],[@B27]) to compare the helical and individual nucleotide structural parameters of the rA~7~ 2-base pair duplex and the rA~11~ 10-base pair duplex. Many of the helical and base pair parameter values of the two helices are grossly similar (Table [2](#tbl2){ref-type="table"}). For example, our rAs are in the *anti* conformation since the glycosidic angle for rA\#1 is 183.5° and for rA\#2 is 186°, similar to the 187° average glycosidic angle for the Safaee et al. structure ([@B9]). Additionally, maximum torsion angles for 3′ endo sugar puckers are 37.4° and 38.5° for, respectively, rA\#1 and rA\#2 in our structure, compared to a somewhat similar average of 43.5° for the rAs of the rA~11~ structure ([@B9]). Pseudorotational phase angles are slightly different for rA\#1 and rA\#2 at 16.4° and 11.8°, respectively, which are distinct from the 10.7° average angle for the rA~11~ structure ([@B9]).

###### Comparative 3DNA analyses of our rA~7~ structure and the rA~11~ structure of Safaee *et al*. ([@B9])^a^

  ---------------------
  ![](gkw526tbl2.jpg)
  ---------------------

There are some notable differences between the two structures reflected in 3DNA base pairing parameters and the helix itself (Table [2](#tbl2){ref-type="table"}). Most notably, the rA~7~ structure has buckle values of −3.62° and −4.46° for, respectively, rA\#1--rA\#1 and rA\#2--rA\#2, which are less than the average buckle value of −8.26° for all 10 base pairs in the rA~11~ structure. Additionally, while rA~7~ shift, slide, stagger, tilt and roll values are zero and the opening value is 180°, the respective rA~11~ values are close to but not precisely comparable (Table [2](#tbl2){ref-type="table"}). The precise values for rA~7~ highlight the entwinement of helical symmetry with crystal symmetry (see below), reflecting the ability to generate helices within a crystal sufficiently uniform to be described by a rA~2~ asymmetric unit.

The model of Rich *et al*. placed adenines at a tilt, today called a 'propeller' angle, of 10--11° relative to the axis of the helix ([@B8]). In our structure, the propeller angle is 10.68° for rA\#1--rA\#1, which is protonated at N1, and 11.67° for rA\#2--rA\#2, which is unprotonated and coordinated with ammonium at N1 (see below) as are all base pairs in the Safaee et al. structure. Base pairs 5 through 9 of the Safaee et al. structure also have propeller angles that approximate 11°, whereas base pair 4 has a 8.04° angle, base pair 3 has a 5.23° angle, and base pairs 1, 2 and 10 have the most acute propeller angles that range from −4.06° to 4.34° (Table [2](#tbl2){ref-type="table"}). The similar propeller angles between our structure and a continual 5-base pair region of the Safaee et al. structure, which can be extended to 7-base pairs if slightly more acute propeller angles are allowed, might explain why rA~7~ is the shortest unit capable of generating stable helices; the similar propeller angles may also explain why we find that rA~\>7~ fails to form perfectly straight and continuous poly(rA) helices. For the Safaee et al. structure, we suggest that the 7-base pairs that have propeller angles most similar to those in our structure -- in particular the middle of the 7-base pairs that align best to our structure -- is the nucleus for helix formation and that the rest of the 10-base pair unit fails to maintain consistent helix parameter values. We also suggest that the break after each rA~7~ in our structure provides relief for helical restraints so that each subsequently annealed rA~7~ can form the helix without paying a restraint penalty as the helix lengthens.

Evidence that adenines in every other base pair of the helix are protonated at N1 {#SEC3-3}
---------------------------------------------------------------------------------

Resolution below 1 Å is usually required to visualize hydrogen atoms ([@B28]) and even then only a partial description of all hydrogens has been achievable, depending on *B*-factor values ([@B29]). Nevertheless, we can infer the protonation states of adenine by measuring its bond angles ([@B9]), which in our structure are especially reliable given that the coordinate error estimation performed by Phenix is 0.06 Å.

The best *R*~free~ values were obtained when we positioned the hydrogens of adenines as would be expected at neutral pH (i.e. one hydrogen on C2, one hydrogen on C8, and two hydrogens on N6) and, rather than forcing a neutral pH configuration, incrementally weakened geometric restraints to allow the adenine rings to fit the electron density data. That is, we assumed no protonation, but relied on the high-resolution electron density data to report bond angles able to reveal protonation.

To develop bond angle standards representative of different adenine protonation states for comparison to our structure, we first updated a survey that correlated bond angles to adenine protonation states ([@B30]). To do this, we identified 467 small molecule structures in the Cambridge Structural Database (CSD) that include 'adenine'. Within these adenine-containing molecules we found 262 adenines that are neutral, 65 that are protonated at N1, twelve that are protonated at N3, and none that are protonated at N1 and N3 (Supplementary Tables S1--S3; Table [3](#tbl3){ref-type="table"}).

###### Bond angles associated with different protonation states of adenine

  ---------------------
  ![](gkw526tbl3.jpg)
  ---------------------

A second set of standards was created using quantum mechanics to predict bond angles for adenosine with N1, N3 or both N1 and N3 protonated and when the ribose of adenosine was replaced by a methyl group (Supplementary Table S4; Table [3](#tbl3){ref-type="table"}). Very similar results were obtained for adenosine and 9-methyladenine and with three different levels of theory (Supplementary Table S4).

C2--N1--C6 bond angles for the first paired rAs (i.e. rA\#1--rA\#1) in our structure are ∼126.8° (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}; Table [4](#tbl4){ref-type="table"}). Comparing these bond angles to bond angles derived from small-molecule crystal structures in the CSD (Table [3](#tbl3){ref-type="table"}) or bond angles predicted using quantum mechanics (Table [3](#tbl4){ref-type="table"}) indicated that every other adenine in our structure (Figure [1B](#F1){ref-type="fig"}) is protonated. Based on structures in the CSD, the C2--N1--C6 angle is 118.6° ± 1.1° when N1 is neutral and 124.0° ± 2.5° when N1 is protonated (Table [3](#tbl3){ref-type="table"}). Similarly, our quantum calculations predicted C2-N1-C6 bond angles of 118.6° when N1 is neutral and 123.4° when N1 is protonated (Table [3](#tbl4){ref-type="table"}; Supplementary Table S4). By either calculation, N1 protonation values more closely approximate the 126.8° C2--N1--C6 bond angle for each rA\#1 in rA\#1--rA\#1. The intermittent alternating paired rA\#2s, i.e. those that reside between the N1 protonated pairs, have C2-N1-C6 bond angles on average of ∼120.2° (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}; Table [4](#tbl4){ref-type="table"}), which is closer to the measured and predicted bond angle when N1 is neutral (Table [3](#tbl3){ref-type="table"}).

![A comparison of alternating odd (rA\#1--rA\#1) and even (rA\#2--rA\#2) rA--rA pairs. (**A--D**) A single rA\#1--rA\#1 pair is illustrated. Panels E, F, G and H correspond, respectively, to panels A, B, C and D, and orange labels specify differences. (A) A side view illustrating the ∼11° propeller tilt of each rA as predicted by Rich *et al*. ([@B8]). This tilt facilitates the interaction between the N6 of one rA\#1 and non-bridging phosphate oxygen of its paired rA\#1. Atoms and molecules are labelled. (B) As in A, but rotated 90° to illustrate that C2--N1--C6 angles are sufficiently large to indicate that N1 is protonated. Also shown are the modelled water molecules that exist between the protonated N1 and non-bridging phosphate oxygen. (C) Illustration of a σ~A~-weighted 2*F*~o~ − *F*~c~ electron density map at 0.9969e/Å^3^ intensity. (D) As in C, but at 0.1623e/Å^3^ intensity. Note that at lower σ, electron density for the N1-coordinated water molecule appears to merge with electron density of the paired phosphate. (**E--H**) A single rA\#2--rA\#2 pair is illustrated.](gkw526fig2){#F2}

###### Adenine bond angles of the rA~7~ structure.^a^

  ---------------------
  ![](gkw526tbl4.jpg)
  ---------------------

The C2--N3--C4 bond angles in our structure are also consistent with an N1 protonated rA\#1 and neutral rA\#2 (Tables [3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}). Notably, the C2--N3--C4 angles of 112° for rA\#1 and rA\#2 (Table [4](#tbl4){ref-type="table"}) rule out N3 protonation, which is expected to have a C2--N3--C4 angle of 117° (Table [3](#tbl3){ref-type="table"}).

Within individual strands, electron density profiles for rA\#1 (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}) compared to rA\#2 (Figure [2G](#F2){ref-type="fig"} and [H](#F2){ref-type="fig"}) differ at the position between N1 and the phosphate of its base pair. Given that rA~2~ is the repeating unit throughout the helix and entire crystal, this alternating pattern of electron density extends along each strand of the helix (Figure [1B](#F1){ref-type="fig"}). For rA\#1, the electron density profile is skewed, i.e. spreads from a position expected for N1 coordination to the non-bridging oxygen of its paired rA when examined at low sigma values (Figure [2D](#F2){ref-type="fig"}). This merged electron density appears similar to density that we have modeled as water coordinated to the 2′ OH group of the rA\#2 ribose (Figure [2H](#F2){ref-type="fig"}). In contrast, the electron density between rA\#2 N1 and the phosphate of its base pair is well-ordered, spherical with a B-factor of 18.54, and does not overlap with the non-bridging oxygen. We modeled this electron density as a coordinated ammonium ion (Figure [2E](#F2){ref-type="fig"}--[H](#F2){ref-type="fig"}), as did Safaee *et al*. ([@B9]). Thus, our model illustrates water coordinated to protonated N1 of rA\#1 pairs (Figure [2A](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}) and ammonium coordinated to neutral adenines at rA\#2 pairs (Figure [2E](#F2){ref-type="fig"}--[H](#F2){ref-type="fig"}). In addition to being consistent with differences in electron densities around rA\#1 and rA\#2, the modeled water for rA\#1 can hydrogen bond to either or both of the protonated N1 and the non-bridging phosphate oxygen to stabilize the helix. In contrast, modeling an ammonium ion at that position would be energetically unfavorable due to repulsion with the proton at N1.

Notably, adjacent helices in the crystal lattice contact one another more at each rA\#2 than at each rA\#1 (Figure [3](#F3){ref-type="fig"}). Furthermore, ammonium bound to rA\#2 makes a third hydrogen bond to a non-bridging oxygen of the phosphate backbone of an adjacent helix (Figure [3](#F3){ref-type="fig"}). These two interactions likely lower *B*-factor values for rA\#2 atoms vs. rA\#1 atoms and stabilize the bundle of helices that constitute the crystal lattice, explaining why ammonium cannot be omitted from our crystallization conditions. Inversely, since rA\#1 is free from making crystal contacts to the degree that typifies rA\#2, the N1 protonation we observe for adenine at rA\#1 might reflect a more solution-like state for rA\#1 relative to rA\#2 (Figure [3](#F3){ref-type="fig"}). The spread of electron density at rA\#1 observed for the water molecule is consistent with alternative states whereby water coordinates with protonated N1 and/or its paired phosphate.

![Ammonium ions (NH~4~^+^) coordinated to rA\#2--rA\#2 bridge inter-helical interactions within the crystal lattice. (Center) Cross-sectional view of the crystal lattice illustrating, as does Figure [1C](#F1){ref-type="fig"}, the alternating polarity of neighboring helices in the crystal lattice. 3′-end facing helices are denoted with black carbon atoms, and 5′-end facing helices with blue carbon atoms. Boxed insets are expanded in left and right panels. (Left) Ammonium, which is coordinated to neutral N1 (i.e. N1~n~) of rA\#2 base pairs, coordinates a non-bridging oxygen of rA\#1 within the same helix and also a non-bridging oxygen of rA\#1 from the adjacent helix. (Right) Water, which is coordinated to protonated N1 (i.e. N1~p~) of rA\#1 base pairs, is positioned near the open solvent channel shown in the cross-sectional view (center) and does not make appreciable inter-helical interaction as does ammonium coordinated to N1~n~ (left).](gkw526fig3){#F3}

Explaining alternating protonation of N1 at each base pair and physical properties of the helix and crystal {#SEC3-4}
-----------------------------------------------------------------------------------------------------------

Our rA~7~ crystal structure reflects properties of the helix that rA~7~ forms in acidic solution. For example, the width of our rA~7~ helix is 14.9 Å from one 2′ OH to the other 2′ OH within each base pair. This width is close to the ∼12 Å-median diameter measurement obtained using atomic force microscopy for poly(rA) duplexes formed in acidic conditions and distinct from the ∼6 Å-median diameter measurement for poly(rA) at pH 8.0, which exists as a single strand ([@B31]).

In 1961, Rich *et al*. ([@B8]) predicted, based on poly(rA) fiber diffraction patterns, that the poly(rA) duplex structure has inherent 8-fold symmetry that crystallographically could be described with an asymmetric (i.e. repeating) unit of two sequential rAs having 4-fold symmetry (i.e. has a *P*4~2~ space group) and a unit-cell *c*-axis of 15.2 Å, which reflects one half the pitch width of the helix. Our structure reported here in the *P*4~2~2~1~2 space group with a 14.95 Å *c*-axis confirms this prediction. However, differences between rA\#1 and rA\#2 due to the presence of ammonium at every other base pair as well as the different crystal packing interactions at every other base pair are unexpected.

SUMMARY {#SEC4}
=======

Our X-ray crystal structure of a rA~7~-generated parallel and continuous duplex in acidic conditions provides the first adenine bond angles that support the existence of N1 protonation in a parallel strand duplex of rA−rA. Our structure represents a hybrid of the X-ray fiber diffraction-derived model made by Rich *et al*. at acidic pH ([@B8]) and the ammonium-coordinated structure generated by Safaee *et al*. at neutral pH ([@B9]). Our structure reveals the remarkable ability of rA~7~ to form a perfectly straight and continual helix via hybridization of overlapping strands in different registers. rA~7~ crystals form in one day under inexpensive and easily reproducible conditions, possibly making them or a soluble form of them a useful nanomaterial, e.g. for sensing pH. From a material science perspective, poly(rA) duplexes could be used as a pH-sensitive switch that, when fused to other molecules, could impart a quantifiable structural change. This has also been proposed for oligo(deoxy-rA), which has likewise been reported to duplex at lower pH ([@B32]). However, there is no available structure for oligo(deoxy-rA).

The structures presented here and by Safaee et al. ([@B9]) may provide important insights into other recent studies that involve poly(rA) structures. For example, a study of thioflavin T, a fluor that interacts with purine-containing nucleic acids in a way that is not completely understood, was found to less effectively label heat-denatured rA~50~ compared to heat-denatured deoxy-rA~50~, suggesting secondary structure differences such as poly(rA) duplex formation ([@B33]). Furthermore, melting and circular dichroism studies revealed that poly(rA) duplexes form at neutral pH on single-walled carbon nanotubes when the nanotubes are modified with either COOH or CH~2~OH ([@B34]).

Of course, a critical issue that remains to be resolved is whether poly(rA) duplexes form in living cells. Important to living organisms, most transcripts synthesized by RNA polymerase II have a 3′ end of poly(rA) ([@B35]). While the cell does not normally contain substantial concentrations of ammonium ions and is generally not acidic, protein mediation, acidic cellular compartments, metabolic conditions, or environmental acidic stress could possibly induce duplexed poly(rA) to form in living cells. As has been hypothesized ([@B36]), the formation of duplexed poly(rA) during the nuclear process of polyadenylation could limit poly(rA) lengthening, thereby regulating mRNA 3′ poly(rA) size, or increase mRNA half-life in the cytoplasm by protecting mRNAs from 3′-to-5′ deadenylases that degrade single-stranded poly(rA). The structure reported here may facilitate design of reagents able to detect parallel stranded poly(rA) helices in cells and elsewhere.
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